The development of cardiac hypertrophy secondary to pressure overload is accompanied by isoformic changes of contractile proteins such as myosin and actin. ^-Labeled complementary RNA (cRNA) probes and hi situ hybridization procedures were used for analysis of the regional distribution of newly formed transcripts from a-skeletal actin (a-sk-actin) and 0-myosin heavy chain (fi-MHC) genes during the early stages of pressure overload. The study was performed in 25-day-old rats submitted to a thoracic aortic stenosis and killed after surgery at times ranging from 4 hours to 3 days. Neither a-sk-actin nor fi-MHC messenger RNA (mRNA) was detected in the hearts of normal and sham-operated animals. However, a-sk-actin mRNA accumulated throughout the entire left ventricle as early as 4 hours after aortic stenosis, and by 12 hours was also detected in the left atrium. In contrast, /3-MHC mRNA was hardly detectable before day 1, and by days 2-3 was mainly restricted to the inner part of the left ventricle and around the coronary arteries. The absence of spatial and temporal coordination in the accumulation of a-sk-actin and fi-MHC mRNAs indicates that different signals and/or regulatory mechanisms are implicated in the induction of the two genes hi response to hemodynamic overload. (Circulation Research 1989;64:937-948) From the INSERM U127, University Paris VII, Hdpital Lariboisiere (J.L.S., A.M.L., F.M., L.R., K.S.), and the
C ardiac hypertrophy secondary to pressure overload is accompanied in the rat heart by induction of two contractile protein isogenes, /3-myosin heavy chain (fi-MHC) and askeletal actin (a-sk-actin), which are expressed during early developmental stages but are not expressed or are expressed at very low levels in the normal adult animal (for a review, see Swynghedauw 1 ). In rats, fi-MHC messenger RNAs (mRNAs) and a-skactin mRNAs accumulate in the left ventricle within 2 days of aortic banding 2 -3 ; in rabbits, fi-MHC mRNA levels increase in the right ventricle 4 days after pulmonary artery constriction. 4 Insight into the mechanisms that link the initial mechanical triggers with up-regulation of these genes during cardiac hypertrophy can be obtained by precise definition of the time course of appearance and the cellular distribution of newly formed mRNAs in the ventricular wall. As a first approach to such a study, we have investigated by in situ hybridization procedures the regional distribution of /3-MHC and a-sk-actin mRNAs during the early stages of cardiac hypertrophy secondary to pressure overload. Aortic banding was induced in 25-day-old rats, a model used previously to investigate the early response of ventricular myocardium to pressure overload and in which the time course of hypertrophy and of biochemical changes 3 -7 is essentially similar to that observed in adult rats (for a review, see Swynghedauw and Delcayre*). A specific advantage of use of this model for the present study was the fact that the ventricle from 3-week-old rats expresses only a-myosin heavy chain (a-MHC) mRNA 9 and a-cardiac-actin mRNA 10 and not fi-MHC mRNA or a-sk-actin mRNA. Thus, even minor increases in /3-MHC and a-sk-actin mRNAs can be expected to be easily identified, as was previously shown at the protein level for /3-MHC using immunocytochemical methods. 11 Through use of /3-MHC and a-sk-actin genespecific probes and in situ hybridization procedures, we show here that the accumulation of the corresponding mRNAs in the ventricular wall is neither spatially nor temporally coordinated after aortic banding.
Materials and Methods

Animals
Pressure overload of the left ventricle was produced in 25-day-old female rats (body weight 60±5 g) by coarctation of the ascending thoracic aorta with a partially occluded Week hemoclip. 5 The same operation was performed on sham-operated animals except that no clip was placed around the aorta. A total of 15 operated and five sham-operated animals kept under identical housing conditions were used. Seven animals were killed 4-12 hours after surgery (three at 4 hours, two at 9 hours, two at 12 hours), six after 1-3 days (two at 1 day, two at 2 days, two at 3 days), one at 30 days and one at 50 days. The hearts were dissected, trimmed free of large vessels, and weighed. A slight but significant cardiac hypertrophy was detected as early as 1 day after aortic stenosis; the evolution of hypertrophy (day 1, 15%; day 2, 17.5%; day 3, 18%; after 30 days, 100%) was in agreement with previous data. 5711
Complementary DNA Clones
The DNA probes used here were derived from complementary DNA (cDNA) clones containing partial sequences of /3-MHC (clone NB3) and a-MHC (clone pCMHC21) mRNAs. Both genespecific fragments corresponding to the 3' noncoding region of the mRNAs and a cross-hybridizing coding sequence present in these clones were subcloned into the Bluescribe (pBS) vector (Stratagene, La Jolla, California). NB3 (528nt) was obtained from a cDNA library derived from rat fetal heart (A.M. Lompr6, unpublished clone) and found to have an identical nucleotide sequence, including the untranslated 3' terminus, to that of pCMHC5, a cDNA clone specific for /3-MHC mRNA. 91213 The Pst I restriction fragment containing the 5'-terminal portion of this clone has a sequence identical to that of a-MHC mRNA except for four substitutions in the last 14 nucleotides. 12 This fragment was isolated and ligated into the Pst I site of pBS, resulting in plasmid pBS-a,0, common to a-and /3-MHC ( Figure 1A) region (Figure 1 A) , which corresponds to a sequence specific to /3-MHC, 13 was gel purified and blunt-end ligated into the Sma I site of pBS, resulting in plasmid pBS-/3. Electrophoretic analysis of the insert released by EcoR I and Hind III digestion of pBS-/3, as well as nucleotide sequencing, revealed that a concatamer, probably a trimer of the original fragment, was actually present in the plasmid.
The a-MHC-specific probe was prepared from the pCMHC21 clone (1075nt). 12 The Pst I fragment containing the 3' terminal portion of pCMHC21 was cut with Nar I, and the 135nt fragment comprising 28nt of the coding region and the complete 3' untranslated region, including 44nt of poly(A) and poly(C) tails, was blunt-end ligated into the Sma I site of pBS, resulting in plasmid pBS-a ( Figure 1A) .
Specificity of the subcloned fragments was determined by gel-blot analysis. Total RNA was isolated by the guanidine thiocyanate/cesium chloride method 14 from ventricles of 25-day-old rats (containing exclusively a-MHC mRNA) or from ventricles of thyroidectomized rats (containing exclusively 0-MHC mRNA). 9 RNA samples (7 fig) were size fractionated in formaldehyde/agarose gels and blotted onto Pall Biodyne A membranes (Pall Ultrafine Filtration, Glen Cove, New York). cDNA probes for hybridization were excised from pBS-o, pBS-/3, and pBS-a/3 by digestion with EcoR I and Hind III, gel purified, and labeled by the random primer method (Multiprime DNA labeling system, Amersham, Arlington Heights, Illinois).
A DNA fragment containing sequences specific for a-sk-actin was isolated from an ml3np8 recombinant containing nucleotides -880 to +127 of the 5' end of the mouse a-sk-actin gene cloned within its Sna I site. Restriction with Sac I and Hind III generated a 200bp fragment containing nucleotides -49 to +124 plus 28bp of the mp8 polylinker ( Figure IB ). This DNA fragment was subcloned in Bluescribe plus (Stratagene) between its Sac I and Hind III sites. The construction was checked by DNA sequencing.
RNA Probes
Sense and antisense RNA probes specific to a-, £-, or a ,/3-MHC mRNAs were transcribed with T3 or T7 RNA polymerase (Stratagene, La Jolla, California) from EcoR I-or Hind Ill-cleaved plasmids by use of "S-UTP (NEN Research Products, Du Pont, Wilmington, Delaware). Unincorporated nucleotides were removed on SEPHADEX G-50 column, the probes were degraded to an average length of about 100 bases, 13 and ethanol was precipitated. The probes were diluted to a final specific activity of about 30,000 cpm//il in 50% formamide, 0.3 M NaCl, 20 mM Tris HC1 (pH 8.0), 5 mM EDTA, 10 mM sodium phosphate (pH 8.0), 10% dextran sulfate, lx Denhardt's, 0.5 mg/ml yeast RNA, and 20 mM dithiothreitol (DTT).
In Situ Hybridization
Procedures for in situ hybridization were similar to those described by Wilkinson et al. 1617 In brief, the hearts were divided transversally into two fragments and fixed in 4% paraformaldehyde (Merck Sharp & Dohme, West Point, Pennsylvania) in phosphate-buffered saline (PBS) at 4° C overnight, washed, dehydrated, and embedded in paraffin wax (Merck Sharp & Dohme). Serial sections of 5-fim thickness were transferred to chrome alum gelatincoated slides. Wax was removed, and after rehydration sections were fixed with 4% paraformaldehyde in PBS. After washing in PBS, sections were treated with 20 fig/m\ proteinase K (Sigma Chemical, St. Louis) in 50 mM Tris HC1 (pH 8.0) and 5 mM EDTA for 7.5 minutes, washed again in PBS, and fixed in paraformaldehyde. Sections were then treated with acetic anhydride and dehydrated as described by Cox et al. 15 About 7 /xl of the hybridization mixture was applied to each section, and slides were incubated at 50° C overnight. After a washing at 50° C in 5xSSC (1 xSSC=0.15 M sodium chloride and 0.015 M sodium citrate) and 10 mM DTT, the slides were treated with 50% formamide, 2xSSC and 0.1 M DTT at 65° C for 20 minutes, incubated with 20 /ng/ml RNase A (Sigma Chemical) at 37° C for 30 minutes, and washed twice in 2xSSC 6) . Autoradiograms were exposed for 12 hours (Panel A) or 3 days (Panel B). Note lack of cross-reactivity between probes specific to a-or B-mRNAs even after long exposure time. MHC, myosin heavy chain; mRNA, messenger RNA.
and twice in O.lxSSC at room temperature. After dehydration, autoradiography was performed using Kodak NTB2 Nuclear track emulsion (Eastman Kodak, Rochester, New York). Sections were developed after 12 days in Kodak D19, mounted, and examined by light-and dark-field illumination. Alternate serial sections were incubated with a-sk-actin and )3-MHC probes to establish the pattern of distribution of the respective mRNAs.
Results
Specificity of the Probes
Specificity of MHC probes used in this study was determined by gel-blot analysis. Thyroidectomized and normal animals were compared because in normal 25-day-old rats only a-MHC is expressed, whereas /3-MHC becomes the major species after thyroidectomy. 18 As shown in Figure 2 , pBS-a hybridized strongly to MHC mRNA from 25day-old rats (lane 1) but not to mRNA from thyroidectomized animals (lane 2), whereas pBS-/3 gave a reversed pattern (lanes 3 and 4) and pBS-a ,(S hybridized equally to both mRNAs (lanes 5 and 6). The specificity of a-sk-actin probe was checked by gel-blot analysis and in situ hybridization with mRNA preparation from adult skeletal and cardiac muscle (Garner et al, manuscript in preparation). The sequence used has less than 0.1% homology with the a-cardiac-actin mRNA in this region. Genomic blots demonstrated that it is unique in the genome. 19 
Accumulation of &-MHC and a-Sk-Actin
Messenger RNA in the Overloaded Heart 33 S-Labeled RNA probes specific to /3-MHC and a-sk-actin were transcribed with T7 RNA polymer-ase and used for in situ hybridization. The hybridization conditions and the specificity of the RNA probes were tested on normal and overloaded cardiac tissues. Previous studies using SI nuclease or Northern blot analysis have shown that ventricular myocardium from 3-to 4-week-old rats does not express /3-MHC 9 and a-sk-actin mRNAs, 10 whereas 2 days after aortic stenosis a significant accumulation of both mRNAs has been detected. 23 Figure 3 compares the hybridization signal obtained in the two experimental conditions. Under the hybridization conditions used, neither /3-MHC (Figure 3a ) nor a-sk-actin (Figure 3d ) probes were reactive with normal myocardium from 26-day-old control animals; only a slight homogeneous background due to nonspecific binding of the probe was observed. In contrast, 2 days after aortic stenosis both /3-MHC ( Figure 3b ) and a-sk-actin probes (Figure 3e ) were found to be strongly reactive with ventricular myocytes. At this stage the /3-MHC probe did not show any reaction with atrial tissue (Figure 3b ), whereas the a-sk-actin probe labeled ventricular and atrial tissue to a similar extent (see Figure 5b ). It is also clear from Figures 3b and 3e that the use of 35 S-labeled probes did not permit single-cell resolution but allowed analysis of muscle bundles. Sense probes transcribed with T3 polymerase exhibited only a low signal, which was used to assess background in all tissues tested (not shown).
Tissue was considered as positively labeled if grain density exceeded approximately six times that of an equivalent area of another tissue known from other experiments not to express the gene (i.e., background). There was no significant dayto-day variability in the intensity of hybridization signals from similar sections.
Temporal and Regional Distribution of (i-MHC and a-Sk-Actin Messenger RNAs in the Overloaded Heart
At the earliest stages examined (4 and 9 hours after aortic stenosis), a-sk-actin was already detected in the myocardium of all animals studied ( Figure 4b and Table 1 ). The specific hybridization signal with the a-sk-actin riboprobe was seen throughout the entire left ventricle with slight variation in grain density, whereas it was absent from the right ventricle and both atria. By 12 hours, both left ventricle and left atrium were strongly reactive with the a-sk-actin riboprobe while right ventricle and right atrium remained completely unreactive (Figure 5b and Table 1 ). At high magnification ( Figure 5d ) the a-sk-actin signal varied in density among myocyte bundles, giving a heterogeneous pattern in the left ventricular muscle. At these early stages, /3-MHC mRNA was detected only in some animals ( Table 1 ; see Figure 4a for example of negative heart); when present, the hybridization signal was weak and was seen only within the left ventricle ( Figure 5a ). High magnification showed that the /3-MHC signal was present in a few myocyte bundles, randomly distributed throughout the section (Figure 5c ). However, no correlation was found between myocyte bundles exhibiting high signal for a-sk-actin riboprobe and those positive for /3-MHC riboprobe (compare Figure 5c and 5d ).
An increased reactivity for /3-MHC mRNA was seen 1-3 days after aortic stenosis. As shown in Figure 6a , a striking accumulation of/3-MHC mRNA was observed in the left ventricle around large coronary arteries and in the inner half of the wall, while other regions in the same sections appeared completely unlabeled. In the right ventricle, the accumulation of /J-MHC was mainly restricted to areas surrounding the large vessels (Figure 7) . On the other hand, the distribution of a-sk-actin remained relatively homogeneous throughout the left part of the heart (Figure 6b ). However, some regions showed a weaker and more heterogeneous pattern of reactivity with the a-sk-actin riboprobe. As at earlier times, no correlation was found between areas positive for a-sk-actin mRNA and those positive for /3-MHC mRNA. It is interesting to note that areas showing specific expression of /3-MHC mRNA did not exhibit changes in the accumulation of a-MHC mRNA compared with neighboring areas (Figure 8 ). Focal areas of necrosis that were unreactive with both /3-MHC and a-sk-actin riboprobes were occasionally seen in overloaded hearts ( Figure  9 ). However, many areas that were unreactive with both probes did not show obvious signs of necrosis when analyzed with phase contrast optics. The presence of normal myocytes at these sites was also demonstrated by use of two other MHC probes, one specific for a-MHC and the other common to both a-and /3-MHC. These two probes gave homogeneous labeling of the ventricular myocardium in both sham-operated and operated animals (not shown).
After 30 days /3-MHC mRNA was homogeneously distributed throughout the entire left ventricle (not shown). At this time a-sk-actin mRNA was still present and gave a pattern similar to that observed 2-3 days after surgery. In sham-operated animals no specific a-sk-actin labeling was detected at any time after surgery, while a specific signal for /3-MHC with a mosaic pattern of distribution, similar to that observed with specific antibody staining, 20 was seen in sham-operated rats 30 days after surgery (not shown). This reflects the normal changes in MHC gene expression during postnatal development. Table 1 summarizes the time course of appearance of positive reaction with the two probes in different regions of overloaded hearts. We did not try to compare the degree of reactivity of the different probes, which might not necessarily have reflected the amount of the corresponding mRNAs 21 even though the size and specific activity of the probes were roughly equivalent. The general scheme that emerges is that the a-sk-actin mRNA accumulated as early as 4 hours in the left ventricle and 12 hours in the left atrium. On the other hand, /8-MHC mRNA was seen in only two out of six animals between 4 and 12 hours and was consistently seen at subsequent stages in the left ventricle, but was not detected in the left atrium until later stages.
Discussion
The results of the present study showed that /3-MHC and a-sk-actin mRNAs are expressed at very early stages after aortic banding in the rat heart. Neither mRNA was detectable in the control hearts of the weanling rats used in these experiments or in sham-operated animals; therefore, their appearance must reflect induction of the corresponding genes. However, concomitant alterations in mRNA stability are also possible. Our results also showed that both /3-MHC and a-sk-actin mRNAs accumulate mainly in the left ventricle during the (Panels a and c) and with a-skeletal actin riboprobe (Panels b and d) .
No significant reaction is seen at low magnification with B-MHC riboprobe (a). Strong labeling is seen within both left ventricle (LV) and left atrium (LA) but not in right ventricle (RV) with a-skeletal actin riboprobe (b). Higher magnification of epic ar dial area of left ventricle is viewed in dark field (c, d) or with phase-contrast optics (Panel e). At this magnification a slight but significant hybridization signal is seen in some cell bundles with B-MHC probe (c). Note presence of myocyte bundles reacting with both B-MHC and a-skeletal actin riboprobes (small arrow) while others react only with a-skeletal actin (long arrows)
. Blood vessel is marked with six-pointed star. MHC, myosin heavy chain, c, d, e magnification, X120. riboprobes. Note striking regional heterogeneity in fi-MHC mRNA distribution; a strong labeling is present around coronary vessels (arrowhead) and throughout inner half of ventricular wall. Reaction for a-skeletal actin appears to be more homogeneously distributed in both left ventricle and left atrium. However, note presence of areas showing weak and heterogeneous reactivity with a-skeletal actin riboprobe that are strongly labeled with fi-MHC riboprobe (*). Six-pointed star shows area that is positive with a-skeletal actin but negative for fi-MHC probe. MHC, myosin heavy chain; mRNA, messenger RNA. earliest stage after aortic stenosis, suggesting that mechanical factors play a major role in the induction of the corresponding genes by the hemodynamic overload. However, we observed significant differences both in the timing of appearance and in the regional distribution of /J-MHC and a-sk-actin mRNAs in the first days after exposure to high aortic pressure, which indicated that the mechanisms regulating the two genes differ under these conditions. These results confirmed and extended the scope of previous data showing that the time course of a-sk-actin mRNA accumulation differs from that of the mRNA for 0-MHC. While the /3-MHC mRNAs show a progressive increase during the first week after aortic banding and persist as long as the overload is maintained, 2 a-sk-actin mRNAs peak by 2-4 days, then decrease to low levels by 30-34 days. 3 Despite variation among animals, there is an obvious tendency for a-sk-actin mRNAs to appear earlier than those coding for /3-MHC. This difference in the timing of mRNA accumulation must reflect differences in transcriptional or posttranscriptional regulation of these two genes. This may be due to different signals triggering the induction of the two genes. Alternatively, the two genes may have a different threshold for the same signal, resulting in nonsynchronous activation of these genes in different parts of the heart.
The specific triggers implicated in the upregulation of the two genes are not known, but an increase in wall stress is known to be induced by pressure overload (for a review see Grossman et al 22 ) . It is usually assumed that the hypertrophy process tends to restore the wall stress within normal limits. 23 Therefore, changes in ventricular wall stress appear to parallel changes in a-sk-actin mRNAs. The relatively early expression of ask-actin mRNAs in the left atrium could also reflect changes in atrial wall stress since it has been shown that marked atrial hypertrophy occurs in this model. 5 Hormonal factors such as a ,-adrenergic agonist, which has been implicated in the hypertrophy process 24 and in a-sk-actin expression 25 in cardiac myocytes, could also contribute to the phenomena that we observed. If so, however, a ,-adrenergic agonist must act in synergy with mechanical factors since a-sk-actin mRNA accumulation only occurs in the left part of the heart during the earliest stages after aortic banding. The fact that the expression of a-sk-actin mRNA takes place in most myocytes throughout the ventricle suggests that the trigger responsible for the induction of this gene is similar for all myocytes without relation to their location.
Because the ventricular regions where /3-MHC mRNAs first accumulate after aortic banding are the inner part of the left ventricle and the areas surrounding coronary arteries in both ventricles, it might be suggested that local mechanical factors play a major role in /3-MHC expression during the earliest stage of adaptation to cardiac overload. Aortic banding can be expected to induce both increased intraventricular pressure and increased coronary perfusion pressure. In both the normal and pressure-overloaded heart, wall stress varies in the ventricular myocardium with a gradient from endocardium to epicardium 26 and a corresponding gradient in /3-MHC protein distribution has been observed in the normal adult rat and rabbit heart. 2027 - 29 On the other hand, the specific localization of 0-MHC mRNAs around coronary arteries described here points to passive stretch as the major mechanical factor implicated in the regulation of 0-MHC gene. It should be stressed that this is a specific effect on the /3-MHC gene, since at these sites we found no parallel variations in the relative amount of the a-MHC transcript (see Figure 8 ). The possibility that gene expression in the ventricular myocardium may be affected by changes in coro- nary perfusion pressure is supported by recent studies on isolated heart preparations; exposure to high aortic pressure accelerates protein and ribosomal subunit synthesis in both beating and arrested hearts with a ventricular drain (for a review, see Morgan et al 30 ). These effects were attributed to stretch of the ventricular wall produced by increased filling of heart vessels, a phenomenon similar to the erectile effect described by Salisbury et al. 31 It is tempting to speculate that the increased expression of 0-MHC mRNA in the pericoronary areas after aortic banding reflects an increased transmural pres-sure transmitted from the artery wall to the surrounding myocardium.
An alternative interpretation is that heterogeneity in the distribution of /3-MHC mRNA reflects a corresponding heterogeneity during development. Antibody studies have shown that /3-MHC is uniformly distributed in all ventricular muscle cells in the first week after birth and disappears gradually from epicardium to endocardium between the second and fourth week, except in a few fibers around large blood vessels and at the endocardia! surface. 20 -28 Thus, it appears that the /3-MHC gene is first induced after aortic banding in those regions where /J-MHC-to-a-MHC switching occurs at later developmental stages, as if the 0-MHC gene was more readily available for induction at those sites. A similar situation has recently been described in denervated rat skeletal muscle: embryonic MHC reappears after denervation in a specific subpopulation of fibers, type 2A fibers, which are the last to lose this MHC isoform during postnatal development. 32 In the rat heart, the a-sk-actin gene is known to be developmentally regulated 10 and the induction of the a-sk-actin gene that is observed could also be related to a specific developmental pattern of distribution. Thus, it will be of interest to investigate by in situ hybridization the distribution of the corresponding mRNA during the first weeks after birth.
The transduction mechanisms responsible for the regulation of a-sk-actin and /3-MHC genes during normal ontogenic development and in response to cardiac overload are not known. A very early event after exposure to high aortic pressure both in vivo and in vitro is the induction of c-fos and c-myc genes 33 -33 and of heat shock protein (Hsp) genes. 35 While the product of an Hsp gene has been shown to be expressed by overloaded cardiac myocytes, 7 it has not yet been established whether induction of oncogenes occurs in muscle or nonmuscle cells and what relation, if any, it bears to contractile protein isogene transitions. In situ hybridization methods should contribute to a better understanding of the temporal sequence of gene activation that enables the mammalian cardiac myocyte to adapt to new functional demands.
